Abstract-A novel tunable dual-wavelength distributed-feedback fiber laser is presented. It is based on the optical resonances induced by two local phase shifts introduced in the periodic structure of an erbium-doped fiber Bragg grating. A dynamic control of the phase shifts, which are generated by piezoelectric transducers, permits the tunability of the wavelength spacing between the optical harmonics of the laser signal. The wavelength spacing is continuously tuned from 0.128 to 7 GHz. Moreover, a microwave carrier is created within such frequency tuning range by the heterodyne photodetection of the dual-wavelength laser signal.
I. INTRODUCTION
D UAL-WAVELENGTH lasers are used in a wide variety of applications in wavelength-division-multiplexing (WDM) communications systems [1] , sensing [2] , lidar-radar systems [3] , high-resolution interferometry [4] , or microwave (MW) photonic generation [5] . Such applications can take advantage of the inherent properties of fiber lasers such as narrow linewidth, high signal-to-noise ratio, and fiber compatibility. Thus, different alternatives for dual-wavelength operation of fiber lasers have been proposed in the last years: the use of filters to select the lasing modes within the laser cavity is a straightforward method to generate a dual-wavelength signal [1] , [6] , [7] . However, these lasers are built with relatively long cavities, hence they do not operate with a single longitudinal mode at each lasing wavelength. This drawback is overcome by distributed Bragg reflector (DBR) or distributed-feedback (DFB) dual-wavelength fiber lasers which, in addition, have a very compact structure. Since the first demonstration of a dual-wavelength DFB fiber laser [8] , several structures of the cavity of the dual-wavelength fiber laser have been proposed [9] - [12] , where the spacing between lasing wavelengths is [13] , where the tunability is performed by temperature control of one of the lasers. In this letter, a single DFB fiber laser is used to generate a tunable dual-wavelength emission. The tunability is carried out by inducing two dynamic phase shifts superimposed locally in the fiber Bragg grating (FBG) of the laser cavity. As shown in [14] , the magnitude of an FBG phase shift can be controlled dynamically with electromechanical actuators. In our case, the phase shifts are induced independently by two plumbum (lead) zirconate titanate (PZT) piezoelectric actuators, which allow for a faster tuning response than temperature control. The wavelength spacing between the lasing modes is adjusted by detuning both phase shifts symmetrically from a -phase shift value, which ensures the emission of laser modes of equal amplitude. The wavelength spacing is continuously tuned from 0.128 to 7 GHz and an MW carrier is created within such frequency tuning range by the heterodyne photodetection of the dual-wavelength laser signal.
II. OPERATING PRINCIPLES AND EXPERIMENTAL SETUP
When two phase shifts are induced in the periodic structure of a uniform FBG, two transmission peaks appear in the transmission stop-band response. Fig. 1(a) shows the structure of an FBG with two -phase shifts. The wavelength spacing between the transmission peaks depends on the spatial separation and the difference between the magnitudes of the two phase shifts. In particular, if both phase shifts vary symmetrically from a -phase shift value, i.e., one of the phase shifts has a value of and the other , then the wavelengths of the transmission peaks separate symmetrically from each other with respect to the Bragg wavelength of the FBG and the transmission peaks are equivalent in terms of amplitude and linewidth. This condition ensures a laser emission with two longitudinal modes of equal amplitude. Note that the working principle of the fiber laser is different from that of two cascaded single-wavelength lasers. For the last case, the emitted wavelengths could be tuned independently since each resonance would oscillate in different cavities. In the presented laser, a variation of only one of the phase-shifts implies a variation of both wavelengths, as these resonances share a common cavity. Fig. 2 illustrates the theoretical transmission spectra of a uniform 15-cm-long FBG for the case of two -phase shifts, and phase shifts, and and phase shifts, respectively, which have been calculated using the coupled mode theory and the transfer matrix method. The inset of value of the difference , the higher the wavelength spacing between transmission peaks. The phase shifts are induced by two PZTs stuck to the fiber. When a direct current (dc) voltage drives the PZTs, a mechanical strain is applied on the fiber, and a phase shift is created by a local variation of the period and the refractive index of the FBG. Fig. 1(b) shows the theoretical profile of the amplitude of the electric field inside a uniform FBG as function of the position in the propagation axis. It has been calculated using the coupled mode theory and the transfer matrix method for the two resonant wavelengths and for the phase shift configurations considered in Fig. 2 .
As illustrated in Fig. 1(b) , when the difference increases, the field of a given resonance wavelength tends to concentrate gradually in one of the locations where a phase shift has been performed, instead of concentrating at both locations at a time (as it happens when ). This effect is exploited to reduce the mode competition in the laser emission dynamics, particularly at higher , since each single longitudinal mode is amplified by separate sections of the active medium. 
III. RESULTS
We measured the optical spectrum of the laser output with a 10-pm resolution optical spectrum analyzer when pumping with 60-mW optical power. Dual-wavelength operation with equalized amplitudes of both laser modes is obtained by adjusting the m-precision positioner and the dc driving voltage of the PZTs. Two single longitudinal modes with a power level of 13 dBm are emitted by the fiber laser. Fig. 4 shows the optical spectrum for different tuning values. Continuous-wave (CW) operation with a wavelength spacing from 1 to 54 pm can be established. The maximum reachable value of 54 pm is limited by the bandwidth of the FBG. On the other hand, the minimum value of 1 pm is constrained by the spatial separation of the PZTs [15] .
The optical output can be photodetected in order to generate an MW signal. Fig. 5 shows the electrical spectra of the photodetected signals corresponding with the optical spectra of Fig. 4 . The frequency of the photogenerated carrier can be continuously tuned, and a sweep of 1-GHz step has been performed. The 1-to 54-pm optical tuning range corresponds with a 0.128-to 7-GHz electrical tuning range. The spectrum of a 5.41-GHz carrier is shown in Fig. 6 , which exhibits a 3-dB bandwidth of 3 MHz and a signal-to-noise ratio of 32 dB. Fig. 5 shows an undesired harmonic close to the photogenerated main harmonic. Due to the birefringence of the erbium-doped fiber, the laser emission presents two eigen polarization modes for each wavelength. The typical birefringence of a single-mode fiber is , which results in a 135-MHz separation between orthogonal modes for a Bragg wavelength of 1530 nm. This value agrees satisfactorily with the separation observed experimentally in Fig. 5 . In order to suppress this effect, an option could be exerting an external strain to the fiber, creating a suitable birefringence for single polarization emission. On the other hand, a polarization-dependent-loss fiber, instead of a standard fiber, could be used as active cavity of the laser. These fibers exhibit high losses in one of the orthogonal polarization, therefore only a single polarization state would be amplified appropriately for lasing.
The stability of the generated MW signal is limited, with drifts of 100 MHz and considerable amplitude fluctuations due to gain mode competition. This problem is probably caused by a combination of effects. On the one hand, the existence of Er ion pairs due to the high doping concentration of the fiber may cause optical self-pulsation effects, which could be avoided by codoping the erbium fiber with aluminum [16] . On the other hand, excited state absorption and concentration quenching due to interionic energy transfer in highly doped erbium fibers may cause wavelength jitter of the laser signal.
IV. CONCLUSION
A novel dual-wavelength DFB fiber laser with tunable wavelength spacing has been proposed. Two PZTs are used to control dynamically the local phase shifts introduced in an erbiumdoped FBG, permitting the tunability of the emitted modes. Single longitudinal mode operation of the two wavelengths is obtained, and an MW signal is photodetected, achieving a continuous tuning frequency range from 0.128 to 7 GHz.
